Although studies in vivo revealed promising results in bone regeneration after implantation of scaffolds together with osteogenic progenitor cells, basic questions remain how material surfaces control the biology of mesenchymal stem cells (MSC). We used human MSC derived from bone marrow and studied the osteogenic differentiation on calcium phosphate surfaces. In osteogenic differentiation medium MSC differentiated to osteoblasts on hydroxyapatite and BONITmatrix ® , a degradable xerogel composite, within 14 days. Cells revealed a higher alkaline phosphatase (ALP) activity and increased RNA expression of collagen I and osteocalcin using real-time RT-PCR compared with cells on tissue culture plastic. To test whether material surface characteristics alone are able to stimulate osteogenic differentiation, MSC were cultured on the materials in expansion medium without soluble additives for osteogenic differentiation. Indeed, cells on calcium phosphate without osteogenic differentiation additives developed to osteoblasts as shown by increased ALP activity and expression of osteogenic genes, which was not the case on tissue culture plastic. Because we reasoned that the stimulating effect on osteogenesis by calcium phosphate surfaces depends on an altered cell-extracellular matrix interaction we studied the dynamic behaviour of focal adhesions using cells transfected with GFP labelled vinculin. On BONITmatrix ® , an increased mobility of focal adhesions was observed compared with cells on tissue culture plastic. In conclusion, calcium phosphate surfaces are able to drive MSC to osteoblasts in the absence of osteogenic differentiation supplements in the medium. An altered dynamic behaviour of focal adhesions on calcium phosphate surfaces might be involved in the molecular mechanisms which promote osteogenic differentiation.
Introduction
Tissue engineering of bone based on the combination of multi-potent mesenchymal stem cells (MSC) and a scaffold represents a new promising approach in bone regeneration to restore bony tissue after extensive loss due to injury or disease [1] [2] [3] [4] [5] . Although studies in vivo, both animal experiments and clinical trials have shown the usefulness of the implantation of scaffolds with osteogenic progenitor cells to regenerate bone, a number of basic questions remain before application of tissue engineering [6, 7] . MSC derived from bone marrow or other sources are able to expand in an undifferentiated state and then to differentiate into osteoblasts or other cells of the connective tissue in appropriate media [8, 9] . In addition to soluble growth and differentiation factors in the cell environment, signals from the extracellular matrix (ECM) contribute to the control of stem cell biology [10, 11] . Although little is known about the mechanisms how the differentiation of MSC is governed by their interaction with the ECM, physical structure and chemistry of a biomaterial surface affect signals from the ECM to direct proliferation and differentiation of osteogenic progenitor cells [12] .
Scaffolds or layers of calcium phosphate are widely used as biomaterials in bone tissue engineering. They have osteoconductive and osteoinductive properties, can be used for permanent implants or as biodegradable scaffolds and are mechanically compatible with native bone [13] . Although a number of investigations have shown that calcium phosphate surfaces have a beneficial effect on bone osteogenesis in vivo, detailed analyses of the differentiation of hMSC in terms of gene expression on calcium phosphate substrates are rare [4, [14] [15] [16] [17] . These data are required to define the characteristics of a scaffold to specifically stimulate bone cell biology. Furthermore, the role of cellular components involved in cell matrix interaction, which can be affected by the characteristics of the material surface in controlling cell differentiation has to be defined. Cell attachment to the ECM is characterized by binding of integrin receptors to molecules of the ECM, like collagen and fibronectin. These receptors and a variety of cytoskeletally associated proteins form molecular complexes called focal adhesions which are important signalling machineries [18] [19] [20] . In addition to the expression and activation of these proteins we speculate that the dynamic interaction of focal adhesions with the underlying substrate is significant for integrin mediated signal transduction and the biological response of the cell. The mobility of focal adhesions in stationary cells is regarded as a prerequisite to assemble the ECM [19] . Previously we have shown that the nature of focal adhesions regarding number, size and mobility depends on the characteristics of the biomaterial surface to which osteoblasts adhere [21] .
Here we demonstrate that calcium phosphate surfaces not only enhance osteoblast-specific gene expression compared with cells on tissue culture plastic, but stimulate osteoblast differentiation of MSC without culture additives for osteogenic progression. Concerning the interaction of cells with the ECM, on a calcium phosphate layer we found a high mobility of focal adhesions, which suggests an appropriate functional activity of cell adhesion components.
Materials and methods

Biomaterials
The following biomaterials were used in the experiments, in general as discs with a diameter of 11 mm. BONITmatrix ® (BM) (DOT GmbH): A degradable calcium phosphate xerogel composite which is composed of 87% calcium phosphate (60% hydroxyapatite and 40% ␤-tricalciumphosphate) and 13% silicon oxide. This material was used as compact disc. BONITmatrix ® was manufactured by the sol-gel technique [22] . A biphasic calcium phosphate powder, consisting of hydroxyapatite and ␤-tricalcium phosphate was added to a hydrolysed tetraethoxysilane solution containing HCl as a catalyst. After gelation, the composite was formed and dried at 200°C for 2 hrs. BONITmatrix ® is a CE Mark product (class III).
Hydroxyapatite (HA): Hydroxyapatite was fabricated in a special process and therefore named BONIT + HA. BONIT + HA is an electrochemically deposited calcium phosphate coating based upon a biomimetic process in which implants are coated in an electrolytic bath with a ~20-µm thin bioactive layer of calcium phosphate. At the cathodic site brushite (CaHPO4) · 2H2O nucleates from the solution, grows and forms thin plates of a length from 10 to 20 µm. The hydrous brushite phase is then transformed to hydroxyapatite by a chemical treatment in a basic solution (0.5 M NaOH).
Titanium: Titanium of technical purity (grade 2) was used which was polished using SIC wet grinding paper (grit P4000).
For comparison, cells were cultured on tissue culture plastic (TC) (Greiner Bio One, Frickenhausen, Germany) or on Lab-Tec 2-well chambered cover glass (Nalge Nunc International, Naperville, IL, USA).
Cell culture
Human mesenchymal stem cells (hMSC) were isolated from bone marrow which was obtained during median sternotomy. According to a standard protocol, after density gradient centrifugation of the diluted marrow sample (d -1.077 g/l) interface enriched cells were cultured in expansion medium (EM) in 5% CO2 and at 37°C for 24 hrs. Adherent cells were harvested and the purity of MSC was checked by the absence of the hematopoetic marker CD34 and their ability to differentiate both to osteoblasts and adipocytes. Cells were grown in cell culture flasks using EM for 14 days before introduce them into the experiments.
In addition, the human osteosarcoma cell line MG-63 was used for experiments. Before seeding the cells on the surfaces, all cells were grown to sub-confluency for 14 days in EM.
The following cell culture media were used during the experiments:
EM: Dulbecco's modified Eagle's medium (DMEM) containing charge tested 10% fetal calf serum (FCS) (Gibco Invitrogen, Karlsruhe, Germany); Osteogenic differentiation medium (ODM): DMEM containing 10% FCS and 100 nM dexamethasone (Sigma, Taufkirchen, Germany), 10 mM ␤-glycerophosphate (Sigma) and 10 µg/ml ascorbic acid (Sigma). All media contained 1% antibiotic-antimycotic solution.
Before seeding the cells on the different surfaces, cells were grown to sub-confluency, detached with trypsin/EDTA (0.05% trypsin, 0.02% EDTA) (Sigma) and diluted in complete medium at an appropriate density. Discs of the materials were placed in six well cell culture plates, the cells seeded at a density of 10 4 cells/cm 2 and cultured in one of the media mentioned above for the indicated times.
Electron microscopy
For scanning electron microscopic analyses, cells on the materials were fixed in 4% glutaraldehyde and post-fixed with 0.5% OsO4. After dehydration specimens were dried by a critical point dryer and sputtered with gold. Microscopic visualization was performed using a scanning electron microscope DSM 960A (Carl Zeiss, Jena, Germany).
Alkaline phosphatase (ALP) activity
Identical cell numbers were seeded on the materials. For the analyses cells cultured on the substrates were washed in PBS and fixed in 4% paraformaldehyde (PFA) for 5 min. Cells were then incubated with 0.1% naphthol ASMX phosphate and 0.1% fast red violet LB salt in 56 mM 2-amino-2-methyl-1,3-propanediol for 10 min. Quantitative analyses of the staining representing ALP-activity were performed by measuring the fluorescence intensity of ALP (excitation 530 nm/emission 590 nm) using a fluorescence ELISA reader (CytoFluor TM 2350, Applied Biosystems, Darmstadt, Germany). About 100 areas of fluorescence containing about 10 cells were measured and mean value and standard deviation were calculated.
Real-Time PCR
Cells were washed twice in phosphate buffered saline (PBS) and total RNA isolated using the NucleoSpin RNA II Kit with DNAase treatment (Macherey and Nagel, Düren, Germany). After quantifying RNA spectrometrically 500 ng of total RNA was reverse transcribed using superscript II reversion transcription reagents (Invitrogen, Karlsruhe, Germany) for cDNA synthesis. Quantitative real-time PCR assays were performed and monitored in duplicate using an ABI PRISM ® 7000 Sequence detection system (Applied Biosystems). The PCR reactions contained 2.5 l of cDNA in a reaction volume of 25 l, 1x Taqman universal mastermix (Applied Biosystems) and 1x assays-on-demand TM gene expression assay mix for detection of ALP (#Hs00758162_m1ALPL), bone sialoprotein (BSP) (#Hs00173720_m1IBSP), collagen I ColI (#Hs00164004_m 1COLA1), osteocalcin OCN (#Hs01587813_g1BGLAP), Runx2 (#Hs00231692_m1RUNX2) (all from Applied Biosystems). Thermocycling conditions were 95°C for 10 min followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.
Gene expression values were calculated based on the comparative ⌬⌬CT-method (separate tubes) and normalized to GAPDH (#Hs99999905_m1GAPDH), as reference housekeeping gene.
Transfection of GFP-vinculin and microscopic analyses
MG-63 cells were transiently transfected with a GFP-vinculin-construct (kindly provided by B. Geiger, Department of Molecular Cell Biology, The Weizmann Institute of Science, Rehovot, Israel) using Effectene transfection reagent (Qiagen, Hilden, Germany) as described previously [21] .
The microscopic analyses of vinculin labelled focal adhesions in an inverted microscope of the LSM 410 (Carl Zeiss) was described in detail earlier [21] . Briefly, each live cell was scanned in one optical plane and images were taken in intervals of 10 min for 1 hr. Analyses of the number, the length, and the movement of GFP-vinculin containing focal contacts in transfected MG-63 cells were performed with the aid of UTHSCSA Image Tool 3.00 (The University of Texas Health Science Center in San Antonio).
To estimate the mean value of the number of vinculin contacts per cell, focal adhesions in at least 12 cells at three times points were counted for each material surface.
For the analysis of the length of the contacts, the mean value for each contact was obtained by measuring the same contact at three times points. Together, at least 200 contacts were analysed for each material surface.
To calculate the speed of the moving vinculin contacts, the images at three time points were overlapped and the same contacts at different time points were visualized with different false colours.
Statistical analysis
Statistical analyses were performed by the software SPSS 10.0 and a value of P < 0.05 considered as statistically significant using t-test.
Results
MSC cultured on the material surfaces were visualized by scanning electron microscopy to assess surface topography and cell morphology (Fig. 1 ). Despite differences in the roughness of the surfaces comparing tissue culture plastic, BONITmatrix ® and hydroxyapatite, the cells revealed a similar flat morphology.
To test the osteogenic differentiation of MSC on the surfaces, we first measured ALP activity after MSC were cultured on tissue culture plastic, hydroxyapatite and BONITmatrix ® in ODM for 14 days. As demonstrated in Fig. 2 , osteogenic differentiation was observed on all three surfaces. Quantitative analyses of the staining for ALP activity revealed an increased ALP activity on the calcium phosphate surfaces compared with tissue culture plastic. To further evaluate osteogenic differentiation on material surfaces quantitative real-time RT-PCR measurements were performed which revealed that both tissue culture plastic and BONITmatrix surfaces were able to stimulate the expression of several osteogenic genes and the transcription factor Runx2 in MSC (Fig. 3) . Expression of collagen I after 3 days and osteocalcin after 14 days was increased on the calcium phosphate surface compared with the tissue culture plastic surface. On both days, a slight increase in the expression of the principal osteogenic transcription factor Runx2 was observed on the calcium phosphate surface. Because on calcium phosphate a significant stimulation of osteoblastic differentiation was observed which exceeded the stimulation by the TCP surface, we next set out to test whether MSC on a calcium phosphate surface in EM without osteogenic differentiation additives are able to differentiate to osteoblasts. Measurements of ALP activity revealed that indeed MSC differentiated to osteoblasts on cal- cium phosphate substrates in the absence of differentiation additives in the medium (Fig. 4a and b) . To confirm this result, we also tested the cell line MG-63 which is often used as a model for osteoblasts. Both in ODM and in the absence of osteogenic differentiation additives, MG-63 cells revealed ALP activity only on calcium phosphate surfaces but not on tissue culture plastic (Fig. 5) . Gene expression analyses performed with MSC confirmed the osteogenic differentiation on calcium phosphate without differentiation additives in the medium (Fig. 6) . In pure EM, RNA expression of osteogenic genes including Runx2 was detected after MSC were cultured for 3 or 14 days on BONITmatrix ® . However, concerning the extent of gene expression when cells were cultured on the calcium phosphate substrate, with the exception of Runx2 we found a higher gene expression in ODM containing soluble differentiation factors compared with EM ( Figs. 3 and 6 ). Concerning the time course of gene expression, both in ODM and EM we observed a similar expression profile. ALP and collagen I were more expressed on day 3, whereas bone sialoprotein and osteocalcin were highly expressed on day 14 (Figs. 3 and 6) . Experiments with cells of the MG-63 cell line confirmed the results that a calcium phosphate surface induces gene expression without osteogenic differentiation additives. Both in ODM and in EM, MG-63 cells revealed an increased RNA expression of ALP both after 3 and 7 days on BONITmatrix ® compared with cells on tissue culture plastic (Fig. 7) . Because calcium phosphate surfaces promote the osteogenic differentiation of MSC and MG-63 cells both in ODM and EM we reasoned that an altered signal transduction mediated by the interaction of cells with the ECM on these materials stimulates osteogenic differentiation. Using MG-63 osteoblastic cells as model which revealed both an increased activity and RNA expression of ALP on calcium phosphate surfaces we analysed the nature of focal adhesions as principal mediators of integrin mediated signal transduction. Focal adhesions were visualized in live cells by transfection of GFP-vinculin. First we found that number and size of adhesion contacts were reduced in cells on BONITmatrix ® compared with cells on tissue culture plastic and also with cells on a smooth titanium surface which represents another widely used biomaterial for implants ( Fig. 8a and b) . In addition to the number and size of focal adhesions, it is believed that their dynamic interaction with the ECM is a prerequisite for the functional activity of cells. Therefore, we measured the speed of the movement of focal adhesions within 30 min in stationary cells on the material substrates and found that osteoblasts on the calcium phosphate surface BONITmatrix ® revealed a high mobility which exceeded the speed in cells on tissue culture plastic (Fig. 8c) . On titanium we found a low mobility of adhesions. Taken together, increased capability of calcium phosphate surfaces to promote osteogenic differentiation correlated with lower number and smaller focal adhesions but an increased mobility of focal adhesions.
Discussion
We isolated multi-potent hMSC from bone marrow and demonstrated that these cells were able to differentiate to osteoblasts on different substrates. Calcium phosphate surfaces enhanced the osteogenic differentiation potential. Moreover, on calcium phosphate surfaces, MSC differentiated to osteoblasts also in the absence of osteogenic differentiation factors in the medium, which indicates that these surfaces contain characteristics that specifically drive the cells toward an osteoblastic phenotype. Because in our experiments the morphology of the cells was similar on tissue culture plastic, hydroxyapatite and BONITmatrix ® we believe that surface chemistry rather than the topography affected the cell differentiation. The potential implication of our finding on tissue engineering applications is profound. It opens the possibility to control stem cell differentiation in vitro as well in vivo without application of growth and differentiation factors like bone morphogenic proteins and others. These factors are expensive and it might be difficult to apply them in a suitable mode, whether in solution or in an immobilized form. Our finding that surface properties specifically stimulate osteogenic differentiation and moreover in the absence of osteogenesis stimulating factors in the medium is supported by investigations on other material surfaces. On an elastin-like polypeptide surface MSC differentiated to chondrocytes without chondrogenic supplements [23] . On silane-modified surfaces the direction of MSC differentiation depended on the presence of distinct chemical groups. NH2 and SH surfaces promoted osteogenesis, whereas OH and COOH surfaces supported chondrogenesis also in the absence of biological stimuli in the medium [24] .
Modulation of MSC differentiation to osteoblasts or other cells of the connective tissue by surface chemistry implies that intracellular signal transduction is driven by changes in the cell-ECM interaction and could replace soluble factors that stimulate cell differentiation. First of all, chemical properties of the surface could induce a selective adsorption of matrix proteins [25] . Non-collagenous matrix proteins, like osteocalcin and bone sialoprotein have calcium and hydroxyapatite binding characteristics and could preferentially be adsorbed on a calcium phosphate surface. A selective effect of matrix proteins on osteogenic differentiation of MSC has been demonstrated [26] [27] [28] . Although the data are somewhat contradictory it appears that beside other matrix proteins collagen I, laminin and fibronectin support increase in osteogenesis from MSC [29] [30] [31] . The composition of matrix proteins as a substrate for the cells determines the binding and activation of defined integrins.
Binding of integrin ␤1␣5 is essential for osteoblast differentiation and mineralization [30] . In addition to a selection of adsorbed proteins by surface characteristics, the structural organization of matrix proteins is controlled by surface chemistry or topography, which may include alterations in the integrin binding domains. It was shown that alteration in the structure of adsorbed fibronectin by surface chemistry affected the integrin binding activity and in consequence modulated osteoblastic differentiation [32] .
Concerning the interaction of cells with the ECM we were interested in the nature of focal adhesions. These are sites integrating ECM with the actin cytoskeleton and mediate signalling [33] . Among the considerable number of proteins that are present and interact in focal adhesions we used GFP labelled vinculin to characterize focal adhesions. We found that cells on BONITmatrix ® formed small focal adhesions and the number of these complexes was low compared with cells on tissue culture plastic and titanium. It has been shown that addition of ODM in cultures of hMSC provoked a loss of focal adhesions and a remodelling of the cytoskeleton, which suggests a loosely adherent phenotype during osteogenesis [29] . Therefore, a low number and smaller adhesions in cells on the calcium phosphate surface which suggests a low adhesion could be considered as one reason for a promoting effect of the surface to drive osteogenesis. Size and number of focal adhesions could be accompanied by an altered composition of focal adhesion proteins. As shown earlier, surface chemistry modulated the recruitment of talin, paxillin and other proteins to the adhesion structures [34] . Focal adhesions are not static but are dynamic and move in the plane between cell and ECM [35] . This dynamic behaviour in addition to the mobility of the entire cell is required to modulate the ECM. Experiments using time-lapse movies have shown that the fibronectin network undergoes continuous reorganization that is characterized by fibril stretching, displacements and shunting of fibrillar material [36] . We observed a high mobility of focal adhesions on BONITmatrix ® compared with cells on titanium and on tissue culture plastic, which indicates an increased capability of cells to dynamically interact with the ECM. This increased mobility of focal adhesions might be advantageous for the osteogenic differentiation of MSC. Because our earlier studies on titanium surfaces have shown that the mobility of focal adhesions did not depend on the topography of the surface [21] , the high mobility on BONITmatrix ® appears to be rather due to the surface chemistry and not to the surface structure. The molecular mechanisms how the dynamic interaction of cells with the ECM which is mediated by integrins dictates the osteogenic differentiation of MSC are largely unknown. The key molecule of osteogenetic differentiation is Runx2 [37, 38] . Runx2 is expressed and activated via activation of MAP kinases ERK1 and ERK2 [39] . MAP kinases may be regarded as key signalling proteins, both due to cell stimulation by growth factors and integrin mediated cell adhesion to the substrate. For example, we have previously shown that mechanical stressing of integrin receptors induced MAP kinase activity which depended on the anchorage of signalling proteins to the cytoskeleton [40, 41] . Our analyses of gene expression revealed that Runx2 was equally expressed both by stimulation via the calcium phosphate surface alone or in combination with osteogenic soluble factors, whereas expression of osteocalcin, collagen or ALP was higher when the medium was supplemented with biological stimuli. This suggests that integrin mediated signalling modified by the surface characteristics was sufficient to maximally express Runx2, whereas maximal expression of proteins downstream of Runx2 requires further signals from soluble factors.
Regarding clinical applications of bone tissue engineering strategies our data demonstrated that calcium phosphate scaffolds are suitable matrices to promote osteogenic differentiation, when used in ex vivo cultures with subsequent implantation into injured bone. The results also suggest that direct implantation of a calcium phosphate material to the site of bone injury would support bone regeneration without application of osteoinductive substances, such as the variety of osteogenic growth factors.
Conclusion
Our results are promising to specifically modify material surfaces for tissue engineering approaches that are able to direct stem cell differentiation to osteogenesis. Calcium phosphate surfaces play a significant role in this concept. Moreover, our results points to a control of the osteogenesis from MSC by material surfaces in the absence of soluble additives. We believe that these possibilities are significant for bone tissue engineering.
